Abstract Ahyi is a fully submerged arc volcano in the Northern Mariana Islands, northwestern Pacific Ocean. In April and May 2014, the volcano erupted over a period of 15 days. Results from direction-of-arrival calculations show that underwater sound phases associated with the episode were recorded as far as Wake Island, where a hydrophone triplet array is operated as part of the International Monitoring System. After a 3.5-hr-long sequence of hydroacoustic precursory events, explosive volcanic activity occurred in two distinct, several-days-long bursts, accompanied by a notable decrease in low-frequency arrivals that may indicate a shift in signal source parameters. Acoustic resolution of the hydrophone data supersedes broadband networks by almost 1 order of magnitude, successfully identifying seismic events at Ahyi as low as 2.5 m b . Total radiated acoustic energy of the eruption is estimated at 9.7 10 13 J, which suggests that submarine volcanic activity contributed significantly to the ocean soundscape.
Introduction
Ahyi is a submarine volcano located at 20. 42°N, 145 .03°E in the northern Mariana Arc, northwestern Pacific Ocean (Figure 1a ). The edifice consists of a 12-km-wide, hydrothermally active stratovolcanic cone that rises from approximately 2,000 to 70 m below sea level at a location 20 km southeast of Farallon de Pajaros (formerly Uracas), the northernmost island in the Northern Marianas Islands chain (Bloomer et al., 1989; Resing et al., 2009, Figure 1b) . Reports of eruptive activity at Ahyi include discolored surface waters in 1979 (Global Volcanism Program, 1979) and observations of seismic tertiary waves ("T phases") throughout the South Pacific region in 2001 (Global Volcanism Program, 2001) . Volcanic episodes in the area date back until at least 1967, when hydrophones of the Sound Surveillance System recorded a high incidence of underwater explosion sounds from a location 10 km southeast of Farallon de Pajaros (Norris & Johnson, 1969) , indicating a possible source near Makhahnas Seamount. Further activity has been intermittently observed near Supply Reef, a shallow submarine volcano 30 km northwest of Maug Island, in 1969 and on at least three occasions in the 1980s (Global Volcanism Program, 2001 ).
In April and May 2014, Ahyi erupted over the course of approximately 2 weeks. Onsite observations included explosions heard by scuba divers and aboard ships in the area, as well as conglomerates of ejected material METZ AND GREVEMEYER 11,050
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Key Points:
• Hydroacoustic arrivals at Wake Island can be linked to the 2014 eruption at Ahyi volcano • Signal frequency and magnitude evolved over the course of the episode, indicating changes in source parameters • Acoustic energy released during the eruption contributed significantly to the ocean soundscape Supporting Information:
• Supporting Information S1 and signs of gas emissions spotted at the sea surface southeast of Farallon de Pajaros (Global Volcanism Program, 2014) . Over the course of the 15-day-long episode, broadband seismometers of the U.S. Geological Survey Northern Mariana Islands network (FDSN code MI) and hydrophones across the Pacific seaboard, located at distances of up to 12,000 km (cf. Tepp et al., 2017) , registered a multitude of volcanoacoustic signals that were traced back to a location near Ahyi. The volcano was ultimately identified as the site of eruptive activity from repeat bathymetric mapping during a research expedition in May 2014, which showed that the summit area had given rise to a 100-m deep crater and shoaled bỹ 30 m compared to data collected in 2003 (Haney et al., 2014) . Here the reader is referred to the Global Volcanism Program (2017) for a more comprehensive account of all follow-up investigations, since our study is primarily concerned with the hydroacoustic record of the 2014 episode.
Measuring long-range underwater sound can be an effective tool to overcome the observational limitations inherent to the study of submarine volcanism. In the global ocean, sound waves below a few hundred hertz travel in the Sound Fixing and Ranging channel (Ewing et al., 1951; Tolstoy et al., 1949) , a distinct layer of minimum acoustic velocity that facilitates acoustic propagation over distances of hundreds to thousands of kilometers. For example, hydroacoustic phases associated with the 2011 eruption at Monowai, a volcanic center in the Kermadec Arc, were recorded over a source-receiver range of 15,800 km (Metz et al., 2016) . Recent observations of submarine eruptions in the Mariana Arc region include long-range hydrophone recordings of explosive activity at Anatahan Volcano (Dziak et al., 2005) , NW-Rota-1 (Chadwick et al., 2012; Schnur et al., 2017) , and South Sarigan Seamount (Green et al., 2013) .
The detection of underwater sound phases is one of the primary tasks of the International Monitoring System (IMS), a global sensor network put in place as part of the verification regime for the Comprehensive NuclearTest-Ban Treaty (CTBT). Six hydrophone stations, typically configured as triplet receiver arrays and moored in the deep sound channel, are in operation worldwide to detect nuclear explosions in the global ocean. However, IMS hydrophone data have implications beyond the realm of test-ban monitoring, for example, when studying tsunami signals (Matsumoto et al., 2016) , and sources of low-frequency ocean noise (Woolfe & Sabra, 2015) . Here we focus on recordings of IMS station H11 at Wake Island, where hydroacoustic arrivals associated with the 2014 eruption at Ahyi were recorded across the northwestern Pacific basin and over a geodesic distance of 2,283 km. Figure S1 in the supporting information), with elements organized in a tripartite configuration and equidistant spacing of~2 km (Figure 1c ). Acoustic measurements are made at 250 Hz and transmitted in near-real time to the International Data Centre in Vienna for routine processing and analyst review (Hanson et al., 2001 ).
Peak acoustic amplitudes of hydroacoustic arrivals associated with volcanic activity at Ahyi are up to 5 dB higher at H11S than at H11N. The magnitude of the offset is consistent with observations by Heaney et al. (2013) for signals of the 2010 eruption at South Sarigan Seamount and most likely reflects different degrees of transmission loss due to bathymetric blockage and scattering along the source-receiver paths. We further note that background noise levels during times of acoustic quiescence are 1-2 dB lower at H11S, resulting in an overall higher signal-to-noise ratio compared to the northern array (factor 1.2 to 1.5). Therefore, our study focuses on the southern Wake Island hydrophone array.
Direction-of-Arrival Calculation and Detection
Hydrophone recordings are corrected for instrument response, and a mean and trend is removed. Data are band-pass filtered between 4 and 80 Hz to account for the broadband character of signals typically associated with submarine volcanic activity (Bohnenstiehl et al., 2014) and minimize potential noise contamination at both ends of the spectrum, for example, due to ocean microseism (Bromirski et al., 2005) , marine mammal vocalization (Sousa & Harris, 2015) , and commercial shipping (Sirovic et al., 2013) . Since instruments are moored at similar water depths (740 ± 12 m) and the array aperture is multiple orders of magnitude smaller than the distance between Ahyi and H11S, direction-of-arrival calculations follow a two-dimensional plane wave fitting approach (Del Pezzo & Giudicepietro, 2002) . Hydroacoustic recordings are subdivided into 1-min long, nonoverlapping windows (cf. Heaney et al., 2013; Metz et al., 2016) . Peak delay times t ij between instrument pairs located at relative positions x ij are derived from normalized cross correlation of the windowed data. We obtain the slowness vector p ≡ (p x , p y ) of a planar wavefront moving across the triplet array by solving the following equation in a least square sense:
Hence, apparent sound speed v and back azimuth θ are derived from
and
with errors of the least square solution obtained from the covariance matrix of the data according to Menke (2012) .
To eliminate arrivals not traveling in the deep sound channel, 1-min windows with a sound speed below 1,400 or above 1,600 m/s are omitted from the data set (Hanson & Bowman, 2006) . Derived travel time differences t ij , t jk , and t ki between the three hydrophone pairs are summed to obtain the closure value cl of the windowed cross correlation. cl is assumed to approach zero for well-correlated signals and thus provides a quality constraint for extracting coherent acoustic phases from the ambient noise field (cf. Cansi, 1995) :
The detection threshold of the closure function is set to a maximum of |48| ms, which corresponds to a mismatch of 12 sampling intervals at 250 Hz and is consistent with values used by Graeber and Piserchia (2004) for IMS hydrophone arrays in the Indian Ocean.
Hydroacoustic Observations
The 15-day-long main episode of volcanic activity at Ahyi begins at 00:30 UTC 24 April 2014, when the H11S hydrophone array registered high incidences of short (<15 s) transient arrivals spaced seconds to minutes apart and with sharp onset and termination, most likely representing an ensemble record of shallow volcano-tectonic seismicity and explosions in the frequency band of up to 80 Hz (Figure 2a ). This main episode is preceded by a sequence of acoustic precursory events over the course of 3.5 hr: A minute-long, broadband impulse at 21:00 UTC 23 April, followed by two circa 30-min long bursts at 21:20 and 22:20 UTC. While the shape of the first signal strongly resembles a T phase generated by a shallow focus (<10 km) seismic event and is different from the elongated, low-frequency (<10 Hz) arrivals generated by tectonic earthquakes (Sugioka et al., 2000; Yang & Forsyth, 2003) , the two bursts exhibit sustained peak frequencies at 16 (21:20 UTC) and 6 Hz (22:20 UTC) and thus could be interpreted as tremor caused by resonance in a fluid-filled crack or conduit (Chouet, 1996) . We speculate that these precursory signals represent the initial breaching of the magma chamber walls and subsequent flow and pressure oscillations (Bohnenstiehl et al., 2013) , which are then followed by the rise and opening of the magmafilled conduit and the onset of persistent activity during the main episode. In an alternative scenario, the spectral banding could be explained by the interference of seafloor and sea surface reflected acoustic phases that arrive at the H11S array with small time delays ("multipathing," cf. Dziak et al., 2015; Matsumoto et al., 2011) . We note, however, that, since comparable arrivals are not observed during later stages, this assumption fails to explain the distinct occurrence of harmonic signals at the beginning of the volcanic episode as well as the notably different fundamental frequencies of the two presumed tremor events.
Between 23 April and 8 May 2014, 1-min detections distinctly stabilize at a back azimuth of 278.5 ± 0.3°a nd within 0.5°of the geodesic angle of arrival for a source Ahyi (Figures 2b-2c ). Although not used as a detection criterion, interhydrophone correlation coefficients of these 8,003 1-min windows on average exceed 0.4, with peak levels of up to 0.9, thus distinctly setting apart activity at the volcano from uncorrelated background noise (see also Figure S2 ). A small number of arrivals registered from~277.6°at the time of the episode probably represent reflections off Maug Island. Notably, no activity at Ahyi is detected at H11S in the weeks prior to the 2014 event. Since our observations are in agreement with local eyewitness reports (cf. Global Volcanism Program, 2014) and seafloor topography suggests no other volcanically active sites along the great circle path between the volcano and the hydrophone array, we interpret lowfrequency arrivals shown in Figures 2b and 2c (blue circles) to be associated with the eruption at Ahyi. During the 15-day-long main episode, RMS amplitudes exceed preeruption background levels by 10-30 dB and typically range from 100 to 130 dB re 1 μPa in the 4-to 80-Hz frequency band, with 180 to 380 1-min detections counted per 12-hr interval (Figures 2d and 2e ). An initial ramp up and drop in acoustic activity over the first 3 days of the main episode is followed by a period of gradual increase and decline of RMS levels and detection rate over approximately 12 consecutive days. We interpret the first part of this progression as an initial phase of stress release, possibly involving the formation of the newly developed, 95-m-deep summit crater due to the ejection of material near the top of the volcano (cf. Watts et al., 2012) or in response to the deflation of a shallow magma reservoir (e.g., Fornari et al., 1984) . This initial phase then is succeeded by a prolonged stage of repressurization until the system regains equilibrium and the volcano becomes acoustically dormant again. After 8 May, only a dozen isolated, explosion-type arrivals are registered by the H11 hydrophones.
In a further step, we assess the peak frequency distribution of the 1-min detections in four octave bands between 4 and 64 Hz over the course of the eruption (Figure 2e ). While arrivals in the upper bands follow a relatively uniform distribution over time, there is a notable decline in detections with peak frequencies below 8 Hz that become near absent during the second half of the episode. This trend can be observed at both H11 hydrophone arrays and is not found in the data of 1-min windows eliminated during processing, that is, the ambient ocean noise field. Hence, we interpret the decrease in low-frequency arrivals as a change in signal source parameters. Since volcanoacoustic signals at frequencies below~10 Hz are typically associated with fluid movement and oscillation in highly pressurized systems (e.g., Matoza & Chouet, 2010; Neuberg et al., 2006) , their gradual cessation may be due to lower pressure gradients and subsequently reduced magma flow within, or into, the volcanic conduit toward the end of the eruption. In contrast, higher frequency events typically result from brittle fracture and, in a submarine environment, explosions at the seafloor-ocean interface (cf. Caplan-Auerbach et al., 2017) , which would explain their continuous presence throughout the episode.
Resolution and Seismic Magnitude Estimate
Root-mean-square levels of the 8,003 1-min detections associated with volcanic activity at Ahyi follow a right-skewed normal distribution with a steep decline toward lower amplitudes (Figure 3a) , indicating that events below a certain threshold may not be fully detected. We therefore derive the acoustic resolution of the data set according to the maximum curvature method by Wiemer and Katsumata (1999) , in which the data bin with the highest number of detections represents the sound pressure level above that all arrivals can be successfully identified. In the case of volcanic activity at Ahyi, acoustic resolution is assumed to be 98 dB re 1 μPa.
In order to infer comparable seismic magnitudes of events at Ahyi, we relate acoustic and seismic measurements of tectonic earthquakes registered by the global IMS network along the central Mariana Arc (Figure 3b ). We account for potential attenuation of the earthquake signal in the solid Earth and along the deep sound channel by limiting the data set to events with a catalogued depth of less than 80 km and a source-receiver distance similar to the great circle path between Ahyi and the southern Wake Island array, that is, 2,283 ± 250 km. Since RMS amplitudes are routinely calculated over the entire length of the arrival in the IMS processing stream, data are further constrained to events with an arrival length of 40 to 80 s at the H11S1 hydrophone to match the 1-min segmentation of our aggregate approach. The equation of the regression line in Figure 3b RMS Level dB re 1 μPa ð Þ¼56:9 þ 16:3m b
indicates a linear relationship between acoustic and seismic magnitude (R 2 = 0.81) and is consistent with observations by Pulli and Upton (2002) for earthquakes in the Indian Ocean. A minimum seismic magnitude of 2.5 m b , corresponding to the acoustic resolution of 98 dB, can be successfully resolved at H11S1 and is almost one order lower than the smallest tectonic earthquake detected by the global IMS seismometer network in the central Mariana Trench region. Using the derived trend as a first-order approximation, we estimate comparable body wave magnitudes for events at Ahyi between 2.5 and 4.6 m b , which is, for example, similar to presumed levels of activity at Brothers Volcano (2.4 to 3.2 m b ) in the Kermadec Arc (Dziak et al., 2008) , and at Fukutoku-Okanoba in the Volcano Islands (3.5 to 4.7 m b , Dziak & Fox, 2002) . We note that some bias may be introduced due to data segmentation, as more than one transient signal from Ahyi can be present in a given 1-min window. Hence, our approach may overestimate acoustic RMS amplitudes and, subsequently, inferred levels of seismicity. It is therefore possible that the acoustic resolution of the hydrophone array for events at the volcano may be even lower than presented here.
Acoustic Energy Release
Due to its potentially harmful effect on marine ecosystems, underwater noise from anthropogenic sources, in particular commercial shipping (McKenna et al., 2012) and seismic exploration (Nieukirk et al., 2004) , has become an increasingly relevant topic in ocean conservation and policy making (e.g., Papanicolopulu, 2011; Williams et al., 2015) . Yet there exists little knowledge on the contribution of solid Earth processes, that is, earthquakes and volcanic activity, to the ocean soundscape. Following procedures outlined by Hildebrand (2009) and previously implemented by Bohnenstiehl et al. (2013) , we therefore attempt to quantify the amount of acoustic energy radiated into the water column during the 2014 eruption at Ahyi.
In a first step, acoustic intensity I of a source in the far field is derived from (units in brackets)
where p represents the source pressure level at 1-m distance and the specific acoustic impedance z is given as the product of the nominal density and sound speed of seawater, fixed at 1,030 kg/m 3 and 1,480 m/s, 
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respectively. Assuming that energy at the volcano is released into an acoustic half-space, we calculate the signal power P as the product of intensity and the geometric factor 2π (m 2 ):
Finally, acoustic energy E is defined as the integral of the intensity over source region and time. Here it is expressed as the linear product of power and duration (T):
The above calculations are carried out in nonoverlapping windows of the length T = 1 s within the 8,003 1-min detections registered at hydrophone H11S1 between 23 April and 8 May 2014, resulting in a total of 480,180 measurements that are summed to obtain the total energy released during the eruption. Background noise levels of 97 dB, corresponding to 1 dB below the acoustic resolution of the array, are removed beforehand (Holt et al., 2009) . Results from two-dimensional, range-dependent parabolic equation modeling (Collins, 1993) indicate a mean transmission loss of 141 dB along the 2,283-km-long source-receiver path for signals in the 4-to 80-Hz band (Figure 4 ) and are accounted for in the subsequent calculation of pressure levels referenced to 1-m distance from the source (Matsumoto et al., 2011) .
Results show that during the eruptive episode, source levels at Ahyi were on the order of 245-275 dB re 1 μPa at 1 m and a total of 9.7 10 13 J of acoustic energy was radiated in the 4-to 80-Hz band over the course of 8,003 min (~5.6 days). The yield estimate is similar to calculations by Bohnenstiehl et al. (2013) , who use a set of regional hydrophone stations (140-to 400-km source-receiver distance) to investigate the 2009 eruption at Hunga Ha'apai-Hunga Tonga volcano in the Tonga Arc (1.7 to 4.7 10 13 J over 2.7 days). This confirms that the contribution of submarine volcanic activity at Ahyi to the ocean soundscape is indeed substantial. For example, acoustic energy released at the volcano supersedes the projected annual input from seismic surveying by a factor of two (3.9 10 13 J, Hildebrand, 2005) and is almost four times higher than previous estimates for the cumulative energy of all sonar activities in the global ocean combined (2.6 10 13 J, Hildebrand, 2005) . However, unlike underwater noise produced by sonar, ship traffic and seismic surveying, volcanic episodes represent intense, yet localized and often short-lived events. Hence, their ecological impact remains difficult to assess, and it is not known to which degree marine mammals are affected by, or have become habituated to, these natural sources of low-frequency sound. 
Conclusion
An IMS hydrophone station located at Wake Island, Northwest Pacific Ocean, detected underwater sound phases associated with the 2014 eruption at Ahyi. Volcanic activity occurred in two bursts over the course of 15 days, preceded only by a 3.5-hr-long period of precursory events. There is a notable absence in lowfrequency (<8 Hz) arrivals during the later stages of the eruption, which could be interpreted as the result of decreasing pressure gradients and subsequent reduction in fluid movement in the volcanic system. We exploit the linear relationship between acoustic RMS amplitude and body wave magnitude of shallow tectonic earthquakes along the Mariana Arc to approximate the seismic range of activity at Ahyi. The resolution of the H11S hydrophone array supersedes broadband network data by more than half a magnitude and places seismic events at Ahyi between 2.5 and 4.6 m b . Acoustic energy released during the eruption is on the order of 9.7 10 13 J, suggesting that the contribution of solid Earth sources to the ocean soundscape may be much higher than previously thought. Our findings highlight the potential of the Wake Island hydrophone array for remotely studying volcanic activity at Ahyi and may aid in detecting further active sites along the Mariana Arc, and elsewhere, in the future.
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